Lakes are one of the most important wetland types on the earth with many ecosystem functions. With continuing economic growth and climate change, lake abundance and surface areas throughout the world have been threatened by many factors, including by human and environmental disruptions. However, we still have limited knowledge on how human activities and climate change affect lake reductions and associated ecosystem services. Elucidating the underlying mechanisms of lake shrinkage will help maintain an ecological balance in urban planning, especially in rapidly developing countries. We explore the determinants of lake shrinkage and abundance reduction from the 1980s to the 2010s using remote sensing data of lakes in two large cities in eastern China: Nanchang and Shanghai. In order to account for the non-independence of time-series data, time series auto-regressive generalized least squares (GLS) models were used to examine the relationship between lake area/abundance and human activities and climate change. Our results show that human activities rather than climate change, are the most important determinants for the areas and numbers of lake shrinkage, and gross domestic product (GDP) and population size could explain more than half of the variation in the number and area of lakes with areas larger than 20 ha in the two cities. GDP and lake area shrinkage do not exhibit a linear relationship. This highlights the importance of wetland protection in the early development stage. Because the main determinants are human activities, cities have the ability to protect wetlands via suitable planning.
Introduction
Wetlands are among the most important ecosystem types in the world and provide a multitude of important ecosystem functions, including biodiversity conservation, carbon sinking, habitat provision, pollutant removal, and flood water storage [1] [2] [3] . However, wetlands throughout the world have been reduced and degraded due to human disruptions and climate change [4] , e.g., lakes in the Mongolian Plateau [5] . But until recently few studies have focused on wetlands in the cities. Unlikely wetlands in relative intact areas, they are potentially impacted by human disturbances more intensively, such as water consumption for economic development, water use by the population, and the land cover change [6] [7] [8] . With the rapid development of cities and the intensification of human disturbance, evidence indicates that the global hydrological cycles have changed due to climate and human consumption [6, 9, 10] . Wetlands have also been impacted by climate change and anthropogenic activities such as urbanization [11] . Moreover, climate change could potentially affect water use in cities [12, 13] . Thus, uncovering the mechanisms of wetland shrinkage is important to urban planning and wetland conservation.
China is the largest developing country and its economy developed very swiftly over the past three decades with critical challenges [14] . Also, the environment and the structure of the economy changed in this period. Meanwhile, sufficient evidence has indicated that the climate in China also changed during this period against the backdrop of global climate change [15] . In China, urban areas contain 40% of the population and 75% of the economic activity [16] . Eastern cities in China typically have long industrial development histories and face severe challenges with regard to natural resources and pollution [6, 16, 17] . Also, for instance, land cover in and around these cities has been changed dramatically [18] . It thus impacts the distribution and size of surface water. As a most important wetland type, lakes have special ecosystem functions [19] . Using the data from the cities in this area could help elucidate the determinants of lake shrinkage generally in the rapid development in China. Until recently, we still have limited knowledge on the driving factors of lake change and its underlying mechanisms. Specifically, we do not know the relative importance of climate change and anthropogenic activities affecting these changes.
Herein, we use changes in the number and area of lakes in two large cities in China, climate data (i.e., mean annual temperature and annual precipitation), and anthropogenic factors (i.e., population size, GDP) from the 1980s to the 2010s to explore a basic scientific question about whether climate or anthropogenic activities affect lake shrinkage. Given that each city may have different mechanisms underlying lake shrinkage, we used two representative cities to explore our hypotheses, Shanghai and Nanchang, located in typical rapid development areas in China.
Material and Methods

Materials
Shanghai is the largest city and the paramount economy in China. Nanchang is a swiftly developing city as well as the largest city and capital in Jiangxi Province. The two cities what we used are very typical cities in the economic development of China, which can represent the biggest cities (such as Shanghai, Beijing, and Guangzhou) and the second city groups with very fast economic development (such as Hangzhou, Nanjing, and Xiamen). The research areas for these two cities covered all administrative regions of the cities, i.e., 7400 km 2 and 6300 km 2 for Nanchang and Shanghai, respectively ( Fig. 1) .
We used remote sensing images from Landsat TM (http://glovis.usgs.gov/) that were taken during the 1980s to 2010s for two eastern cities in China. Considering the influence of seasonal variation, we limited most of the images to those taken from April to October. Because the remote sensing data for some years in this season are not available due to missing images and high-ratio cloud coverage (higher than 10%), we used the nearest high-quality images given the available data (Appendix Table S1 and Table S2 ). We also detected and deleted wetlands associated with rivers since our study focuses on lakes. This is because the rivers may potentially be influenced by the factors out of cities dramatically rather than only the local factors. To reduce the lake identification bias from the satellite images, we only identified lakes with areas larger than 0.5 ha. Meanwhile, we divided all lakes into three groups based on their area (i.e., 0.5 ha-10 ha, 10 ha-20 ha, and larger than 20 ha) to explore the effects on different sizes. The normalized difference water index (NDWI) was used to calculate the surface area of water. When the value was less than 0, we considered the coverage as water-free surface [5] . This method is robust for water surface area calculations [5] . The equation is as follows. The spatial images operations and calculations were performed in ENVI and ArcGIS 10.2 (ESRI, Inc.).
Population size is related to natural resource consumption, including water -the most important and basic resource for survival and development [9] . Meanwhile, the size and structure of the economy can potentially influence water consumption [6] and subsequently influence the degree of wetland disturbance. Thus, we used the population size of each city and their gross domestic product (GDP) to explore the effects of human activities on wetlands. Additionally, the sizes of primary industry (GDP1), secondary industry (GDP2), and tertiary industry (GDP3) were used to indicate the effects of economic structure on lake shrinkage. The GDP1 mainly refers to the planting industry, forestry, animal husbandry, etc.; GDP2 mainly refers to industries of processing and manufacturing; and GDP3 refers to the industries except the ones in GDP1 and GDP2, such as education and catering (National Industries Classification of China, GB/T4754-2017). The GDP and population size data sets were from annual inspections (http://www.yearbookchina.com; www.shanghai.gov.cn)
We used relatively broad climatic indicators, i.e., mean annual temperature and precipitation, to correlate with the surface area of lakes. Climate data were from the meteorological database of the China Meteorological Administration (http://cdc.nmic.cn/ home.do). The climate data sets were from the records of the nearest meteorological station to the center of the cities.
Statistical Analyses
Since most of the lake areas were contributed by lakes larger than 20 ha, we first evaluated the trends of GDP and lake areas for these lakes for Nanchang and Shanghai, respectively (Fig. 2) . Because timeseries data may not be independent [20] except for using ordinary least squares (OLS) models, we also used auto-regressive generalized least squares (GLS) models for investigated variables and lake area/ abundance to reduce the influence from potential data non-independence. To evaluate the relative importance of effects of human actives (i.e., GDP and population size) and climate changes (i.e., annual precipitation and mean annual temperature), we compared the values of Akaike Information Criterion (AIC; Akaike 1974) [21] and pseudo-r 2 of GLS models for each factor (Table 1) . Before these analyses, we performed natural logarithm transformations on all data to normalize distributions. To explore the non-linear relationship between GDP and lake areas for lakes larger than 20 ha, we also used non-linear OLS and GLS to estimate the fitted lines (Fig. 3) . All analyses were performed using the R program [22] . The GLS models were estimated using the R package "nlme."
Results and Discussion
Our results demonstrated that GDP increased dramatically in these periods for these two cities. In contrast, the trends of lake area for lakes larger than 20 ha, which contributed most of surface areas of lakes, were reduced (Fig. 2) . The results of univariate regression analyses show that gross domestic product (GDP), including primary industry (GDP1), secondary industry (GDP2), and tertiary industry (GDP3), were all significantly negatively correlated with the number and areas of lakes in Shanghai and Nanchang for all sizes of lakes, except for lake areas for the lakes with areas between 10 ha and 20 ha (size level 2) in Nanchang (not significant) and positively significantly correlated with the number and areas of lakes with areas between 5 ha to 10 ha (Table 1) . Annual precipitation (PRE) was significantly correlated with lake areas for sizes larger than 10 ha and lower than 20 ha, and PRE was also significantly correlated with the number of lakes at size level 2 in Shanghai. Meanwhile, mean annual temperature (TEM) was significantly correlated with a number of lakes with areas at level 3 (lake area larger than 20 ha) in Shanghai ( Table 1) .
We performed OLS and GLS regression analyses for GDP versus the lake areas at level 3 (areas larger than 20 ha), which represented the highest proportion among all lakes (Fig. 3) . The results show that the logarithmic regression model can explain 73.27% of the variance in lake areas of Nanchang and 50.82% for Shanghai, respectively. In the initial years of Chinese Economic Reform and the associated economic development, the areas of large lakes (larger than 20 ha, which represent a majority of lake areas) decreased dramatically. However, the rate of this decrease slowed beginning in the 1990s. For lakes with areas larger than 20 ha, the GDP and population size always has a relatively high pseudo-r 2 with low AICs (Table 1) , but the PRE and TEM are not.
Wetland is the most important landscape type in the world, and it also has unique ecosystem functions for cities and is one of most vulnerable ecological types [23] . Lakes are an important type of wetland, and it has been inferred that climate change and human activities are important factors in lake area reductions [5, 24] . However, there have been limited studies that show the relative effects of these two factors on the lakes in big cities. Using satellite images from Landsat sensors, we found that indices of economic development (i.e., GDP and population size) were important for almost all lake area sizes in the two cities, except for the lakes with areas between 10 ha and 20 ha. However, climate change exhibited smaller effects on lake size (Table 1) . Even relatively pristine areas with less human activities such as Inner Mongolia and central China (e.g., Baiyangdian) experienced lake reductions due to human activities, e.g., coal mining and irrigation [5, 24] Table 1 . The pseudo-r 2 and AIC for the time series auto-regressive generalized least square (GLS) models of lake's areas/numbers and annual precipitation (PRE), mean annual temperature (TEM), population size (POP), gross domestic product (GDP), primary industry (GDP1), secondary industry (GDP2), and tertiary industry (GDP3). A1, A2 and A3, N1, N2, and N3 represent areas and numbers of lakes with area scales of 5 ha to 10 ha, 10 ha to 20 ha, and larger than 20 ha, respectively. Var is the variables we used in the study. The bold texts for pseudo-r 2 represent the significance at p<0.05 level for the coefficients in GLS models. The symbols in brackets represent the trends of coefficients in GLS models, and "+" means the variables positively related to lakes' areas/numbers and "-" means negative.
that the lakes in these large cities were also mainly affected by human activities. However, the climatic factors significantly affected the areas of large lakes in Shanghai (Table 1) . Our results indicated that human activities are the driving factors of lake shrinkage in cities. Below, we further discuss the anthropogenic activities and climate change shaping this shrinkage.
Firstly, population size is related to water consumption [6, 9] . With population size increasing, water consumed by cities increases [9] . A previous study estimated that the water footprint in China was 200 m 3 /cap/yr in the period 1997-2001 [9] . In the past three decades, the populations of these two cities grew very quickly. For example, the population of Shanghai increased from 12 million in 1985 to 18 million in 2005 (www.shanghai.gov.cn), and the population of Nanchang increased from 3 million in 1983 to 5 million in 2012 (http://www.yearbookchina.com). Thus, water consumption has also likely grown due to increased population size, and this may have subsequently affected lake surface areas directly and indirectly.
Secondly, land use change may place pressure on wetlands through changes in hydrology [25] . As a developing country, the size of cities in China has expanded swiftly in the past three decades. With urbanization, lakes are altered by urban development via the physical changes of construction. The boundaries of all metropolitan cities have extended, and land use/land cover changed with the city expansion [17, 18] . In this urban development, lakes might be filled and replaced with other types of landscapes. Thus, the lake areas have been reduced partly because of the landscape change due to physical construction. For example, the urbanized area of Shanghai changed from 111.8 km 2 in 1947 to 269 km 2 in 1996 [26] , and this land cover change has potentially affected the lake areas/abundances in cities.
Thirdly, water resources are one of the main determinants of economic development, and the stability of water supply is a prerequisite for the economy [27] . On the other hand, water consumption is related to economic development, including economic aggregate and structure, and thereby affects the wetlands. In the past three decades, the economies of these two large cities also developed very quickly within the context of China's quickly developing economy. The GDP of Nanchang grew from 2 billion RMB in 1983 to 300 billion RMB in 2012, and the GDP Fig. 3 . Nonlinear regression between GDP and lake areas for lakes larger than 20 ha in Nanchang a) and Shanghai b). The unit for the areas of lakes is ha, and for GDP is 100 million China Yuan (RMB). The black lines are the fitted lines for ordinary least squares (OLS) models, and the dashed lines are their 95% confidence intervals. The blue lines are the fitted lines for time series auto-regressive generalized least squares (GLS) models. (Note that the fitted line from GLS model for Shanghai is almost overlapped by the line from OLS.) Fig. S1 . Mean annual temperature and annul precipitation for Nanchang a) and Shanghai b) (the unit for annual precipitation is mm, and for mean annul temperature is ºC).
of Shanghai grew from 47 billion RMB in 1985 to 925 billion in 2005. Evidence indicates that the growth in water consumption was also closely related to the industrial revolution [28] . With these developments, especially with the development of industry, the GDP2 for Nanchang and Shanghai increased by more than one hundred times. The water consumption for GDP2 has been increased dramatically with this super industry development. This consumption and human construction all may determine reductions in the area and number of lakes. Meanwhile, we also found that the rate of lake area decrease slowed with increasing GDP. These two variables do not exhibit a linear relationship (Fig. 3) . Thus, we should pay more attention to protecting wetlands while cities are in the initial development periods. This may be much more important for the cities in a rapidly developing country like in China, and if we can pay enough attention in the early development stage, the price of lake conservation will be much lower. Our results also demonstrated that in these two cities, the effects of human actives and climate change are relatively consistent on the area/ abundance of lakes, and (Table 1 ) even these two cities have different human disturbance histories.
During the period from the 1980s to the 2010s, the temperatures in these two cities generally increased (Fig. S1 ). However, these variations could not explain much variation in lake areas, except for the largest lakes in Shanghai (Table 1) . Meanwhile, the correlations of lake areas with temperatures and precipitation levels were not statistically significant. Our results show that the main determinants of lake area reductions, especially for large lakes, are local human activities rather than climate change. In the past century, the climate has changed in many places. Temperatures have increased and precipitation has shifted temporally and spatially [29] . In China, it is clear that temperatures have increased, which subsequently influenced the local water resources in recent decades [15] . Even for these two cities, the annual temperature and precipitation have changed over the past three decades (Fig. S1 ). Given this background, climate change might also influence the water available for lakes. However, the wetlands in cities are dramatically disturbed by humans and are more complex than lakes in relatively natural environs.
Conclusions
Based on our results, compared with climate change, human activities are more important in explaining the changes of lakes in the large cities in eastern China. Our results also demonstrated that since the main determinants are human activities at the local scale, cities may have the ability to protect wetlands via suitable planning.
